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ABSTRACT 

Cav i t a t ion  research  f a c i l i t i e s  i n  t h e  Nuclear Ehgineer ing 

Department of The Un ive r s i ty  of Michigan a r e  desc r ibed ,  These inc lude  

tunne l  and u l t r a s o n i c  v i b r a t o r y  f a c i l i t i e s ,  e s p e c i a l l y  adapted f o r  a 

wide Trariety of f l u i d s  and- opera t ing  con? i t i o n s  Varioiis spec ia l iTed  

techniques which have been developed and u t i l i z e d  are a l s o  desc r ibed ,  
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1. INT’RODUCTION 

The cavitation research facilities which have been developed 

in recent years in the Nuclear Engineering Department of The University 

of Michigan are designed especially for research on cavitation damage 

over a broad range of fluid-material combinations and temperatures. 

They are also useful for cavitation scale-effects investigations, and 

have been so used;(l) in fact, it soon becomes obvious that cavitation 

performance (or scale effects) must, in many cases, be investigated 

along with damage effects, even though an investigation of the latter 

is the major objective. In addition to modified versions of various 

relatively standard types of devices, certain special techniques have 

also been developed in connection with the present research investiga- 

t ions. 

Historically, cavitation research facilities have ranged from 

large systems providing relative flow, such as water tunnels and towing 

tanks, to ,small static fluid devices such as ultrasonic vibratory units. In- 

termediate have been various specialized devices such as small tunnel- 

type units, rotating discs, jet impactors, etc., some of which will no 

doubt be described at this meeting. Generally, the facilities can be 

functionally classified according to several criteria as, e.g. : 

i) Production of true cavitation as opposed to the impact 

of liquid drops, or of stream segments, or other phenomena 

which simulate cavitation damage, 

caviLnt ion in a Plowing stream as opposed to an ultra- 

sonic vibratory system using a static liquid, 

; ; >  
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iii) c a v i t a t i o n  under f l u i d  and ambient cond i t ions  approximating 

pro to type  condi t ions  of i n t e r e s t ,  as opposed t o  u n i t s  

depa r t ing  t o  d i f f e r i n g  degrees  from t h i s  goa l .  

From t h e  viewpoint of c a v i t a t i o n  damage i n v e s t i g a t i o n s  r e l a t e d  

t o  t h e   hemm men on as it a f f e c t s  f l u id - f low machinery, it i s  most d e s i r a -  

b l e  i f  t h e  c a v i t a t i o n  occurs  under  conditi-ons approximating as c l o s e l y  

as p o s s i b l e  those  of  pro to type  u n i t s .  Except f o r  c a v i t a t i o n  damage tests 

i n  f u l l - s c a l e  machines, u s u a l l y  p r o h i b i t i v e  f o r  reasons of  bo th  c o s t  and 

e lapsed  t i m e ,  none of t h e  var ious  cavi ta t iolz  r e sea rch  devices  are i d e a l  

from t h i s  s t andpo in t .  However, a l l  appa ren t ly  have a p l a c e ,  i n  t h a t  it 

i s  g e n e r a l l y  t r u e  t h a t  a t r ade -o f f  e x i s t s  between degree of realism, and 

cos t  and e lapsed  t i m e ,  It i s  i n  cons idera t ion  of  a l l  t h e  above t h a t  t h e u  

Un ive r s i ty  of  Michigan f a c i l i t i e s  were s e l e c t e d  and developed. 



11. DESCRIPTION OF UNIVERSITY OF MICHIGAN, NUCLEAR 
ENGINEERING DEPARTMENT FACILITIES 

A. General Objectives and Facilities 

The cavitation facilities, which are the subject of this 

paper, were developed for the investigation of cavitation damage, 

particularly as it might apply to the fluid-flow components to be 

utilized in space power devices, involving liquid-metal fluids and 

extremely high temperatures. As the best possible compromise between 

the somewhat contradictory requirements, a cavitating venturi was se- 

lected for the basic test vehicle. Such a device combines the 

realism of a flowing system, wherein the pressures and velocities are 

somewhat comparable to anticipated prototype conditions and the flow 

regime reasonably non-complex, with mechanical simplicity and l o w  cost,at 

least as compared to prototype testing. Due to the requirement for spe- 

cial fluids, and also for the control of purity and gas content of all 

fluids, closed-loop systems become mandatory. The capabilities of such 

tunnel systems in terms of velocity, temperature, and test section diame- 

ter, within a reasonable budgetary and time requirement, are then pri- 

marily controlled by the requisite pumping units. 

To date, there are two University of Michigan cavitating- 

venturi tunnel facilities, both employing basically the same venturi 

design. 

i) A single-venturi 100p(~,~) designed for use with water 

as well as various fluids at temperatures up to about 

1000°F. Tests with lead-bismuth alloy to approximately 

this temperature, and with mercury at intermediate 
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temperatures ,  a r e  scheduled. A t  t h e  time of w r i t i n g  approxi- 

mately 6450 specimen-hours of mercury t es t s  a t  room temperature  

have been completed as wel l  as 900 specimen-hours of water 

t e s t s ,  The maximum t h r o a t  v e l o c i t y  a t t a i n a b l e  with water i s  

shout  100 f e e t  p e r  second, and t h a t  with t h e  heavy l i q u i d  

metals  about 65 f e e t  per second. Figure 1 is  a schematic 

drawing of  t h i s  loop,  and Figure  2 a photograph showing t h e  

loop  and t h e  h e a t e r  cons t ruc t ion ,  

A mul t ip l e -ven tu r i  system(3) ( 4  loops i n  p a r a l l e l ) ,  f o r  use 

only  with water,  bu t  inc luding  deae rea t ing  and pu r i fy ing  

f a c i l i t i e s  considerably advanced over those  of t h e  s ing le -  

v e n t u r i  loop, designed f o r  ope ra t ion  wi th  a minimum of 

a t t e n t i o n ,  and producing t h r o a t  v e l o c i t i e s  cons iderably  i n  

excess  of those  of the s i n g l e  v e n t u r i  l oop  (up t o  200 f e e t  

pe r  second) ,  

f a c i l i t y ,  and Figures  4 and 5 photographs of  t h e  t e s t  v e n t u r i  

and t h e  completed assembly, A t  t h e  t i m e  of  w r i t i n g  approxi-  

mately 7875 specimen-hours of t e s t s  had been completed, 

The c a v i t a t i n g  v e n t u r i  systems l i s t e d  above are able t o  o b t a i n  

damage data f o r  a wide v a r i e t y  of f l u i d - m a t e r i a l  combinations, wi th  good 

c o n t r o l  over f l u i d  p u r i t y  and gas conten t ,  and, i n  some cases ,  up t o  

r e l a t i v e l y  e l eva ted  tempera tures ,  Also,  t h e  d a t a  so  obtained can be almost 

d i r e c t l y  appl ied  t o  f lu id - f low prototype components ope ra t ing  over t h e  

same f l u i d - m a t e r i a l ,  v e l o c i t y ,  and temperature  ranges ,  The r a t e  of damage 

obta ined ,  though comparable t o  t h a t  observed i n  pro to type  u n i t s ,  i s  r e l a -  

t i v e l y  low when compared t o  var ious o the r  cavitation-damage r e sea rch  devices ,  

i i) 

Figure 3 i s  a schematic drawing of t h i s  
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Figure 2. Liquid Metal Loop with Top H a l f  of  Heater Sections 
Removed. 
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Figure 4. Plexiglass Test Venturi i n  the Water 
Cavitation Damage Fac i l i t y .  

Figure 5. Water Cavitation Damage Fac i l i t y .  
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e , g  , u l t r a - s o n i c  v i b r a t o r y  u n i t s ,  r o t a t i n g  d i s c  u n i t s ,  e t c .  However, 

t h e  damage observed i n  some of t he  l a t t e r  may not be so d i r e c t l y  a p p l i -  

cable  t o  pro to type  u n i t s ,  

One of t h e  primary objec t ives  i n  the  development of t h e  U-M 

c a v i t a t i o n  damage research  f a c i l i t i e s  w a s  t h e  s tudy  of t h e  phenomenon 

i n  l i q u i d  metals under temperature condi t ions app l i cab le  t o  t h e  advanced 

SNAP-type u n i t s ,  It would c e r t a i n l y  be poss ib l e  t o  des ign  and cons t ruc t  

a c a v i t a t i n g - v e n t u r i  c iosed-loop tunnel  f a c i l i t y  f o r  ope ra t ion  under 

such condi t ions ,  a i though t h e  technologica l  problems involved, p a r t i c u -  

l a r l y  wi th  t h e  d r i v i n g  pump and t h e  ins t rumenta t ion ,  a r e  cons iderable .  

However, t h e  c o s t  would be at least  an o rde r  of magnitude g r e a t e r  t han  

so  fa r  involved i n  t h e  loops constructed f o r  more moderate condi t ions .  

Consequently, t o  ob ta in  d a t a  under these  very  d i f f i c u l t  t echno log ica l  

cond i t ions ,  it w a s  decided t o  r e l y  upon an u l t r a s o n i c  v i b r a t o r y  u n i t ,  

wherein t es t s  p a r a l l e l  t o  those conducted i n  t h e  tunne l  f a c i l i t i e s  could 

be performed, and compared and c o r r e l a t e d  with t e s t s  under f l u i d  and 

temperature  condi t ions  of d i r e c t  prototype a p p l i c a b i l i t y ,  

d r i v e n  by a l ead -z i r cona te  t ransducer  a t  f requencies  up t o  20 kc, has 

been Constructed f o r  opera t ion  with var ious  f l u i d s  inc lud ing  l i q u i d  metals 

a t  temperatures  up t o  2000"F, A t  t h e  time of wr i t i ng ,  t h e  des ign  of t h e  

p e r i r h e r y  equipment i s  complete and f a b r i c a t i o n  about t o  commence, 

F igure  6 i s  a photograph of t h e  t ransducer-horn u n i t  with e l e c t r o n i c  

d r i v e r  and Figure  7 a drawing of t h e  o v e r a l l  mechanical assembly, The 

des ign  i s  such as t o  provlde t h e  necessary  thermal b a r r i e r  and coo l ing  

c a p a c i t y  t o  prevent  overheat ing of t h e  t ransducer  and of t h e  s e a l i n g  

components ~ 

Such a u n i t ,  
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Figure 6. Piezoelectr ic  Crystal Transducer-Horn Unit and 
Electronic Driver. 
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Figure 7. schematic of High Temperature Vibratory Cavi ta t ion  Damage Assembly. 
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B, Cavi t a t ing  Ventur i  Details  (2) 

1, Damage Test Ventur i s  

A l l  t h e  c a v i t a t i o n  damage t e s t s  t o  t h e  t ime of w r i t i n g  have 

been conducted i n  v e n t u r i s  wi th  i d e n t i c a l  f low-paths ,  The b a s i c  flow- 

path des ign  (Figure 8) inc ludes  a nominal 1 /2  inch c y l i n d r i c a l  t h r o a t  

of 2035  inches l e n g t h ,  The flow-Fath i s  symmetrical about t h e  t h r o a t  

with a nominal 6" s t r a i g h t  cone included angle ,  ex tending  f o r  3 inches 

i n  t h e  upstream d i r e c t i o n  t o  form the nozzle  {but preceded by a rounded 

en t rance  from t h e  f u l l  pipe d iameter ) ,  The con ica l  d i f f u s e r  extends 

wi th  t h e  same angle  almost out  t o  the f u l l  pipe d iameter ,  The damage 

specimens, t h i n  f l a t  p l a t e s ,  nominally 1/16" x 5/8" x 1/"2", and wi th  

t a p e r e d  ends (F igures  9 and l o ) ,  are  i n s e r t e d  i n  s u i t a b l e  ho lde r s  

'1Q 

through t h e  walls of' t h e  ven tu r i  t o  a submergence of about 3/16", so t h a t  

t h e y  are p a r a l l e l  t o  t h e  s t ream d i r e c t i o n ,  wi th  t h e  smallest dimension 

normal t o  t h e  f low,  The v e n t u r i s  used i n  t h e  s ing le - loop  f a c i l i t y  have 

p rov i s ion  f o r  two specimens, i n se r l ed  from t h e  top  wi th  a 9" sepa ra t ion ,  

thus being  sppxLet ri,:al w i t  h respect  t o  e l e v a t i o n ,  However v e n t u r i s  with 

t h r e e  specimens, symmetrically loea t ed ,  are used i n  t h e  mul t i - loop  

f a c i l i t y ,  I t  w a s  found t h a t  t h e  two-specimen arrangement u t i l i z e d  

r e s u l t e d  i n  non-symmet3rical f low,  and, on t h e  o the r  kand, t h a t  t h e  

k i n e t i c  heads were s u f f i c i e n t l y  la rge  so t h a t  t h e  ey fec t  of e l e v a t i o n  

w a s  n e g l i g i b l e ,  

A t h i r d  type of vectur i -specimen assembly has been used f o r  

t e s t i n g  specimens under s t r e s s ,  In  t h l s  arrangement an e x t e r n a l  clamp 

xq_ * Three of t h e  four  p a r a l i e l  loops have gene ra l ly  been used i n  t h e  
damage t e s t s ,  so that nine specimens are t e s t e d  simGltaneously,  
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Figure 9. Photograph of Tes t  Specimen. 
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Figure 10. Drawing of T e s t  Specimen. 
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i s  used t o  s t r e s s  a specimen which extends e n t i r e l y  ac ross  t h e  v e n t u r i  

(Figure 11). 

a l r e a d y  d i scussed .  

The flow-path des ign  of t hese  v e n t u r i s  i s  t h e  same as t h a t  

The v e n t u r i s  used i n  t h e  water and mercury t es t s  s o  far have 

all been of plexiglass, so t h a t  tne degree of  c a v i t a t i o n  could be 

determined v i s u a l l y  as w e l l  a6 by flow and p res su re  measurements. A 

v e n t u r i  of i d e n t i c a l  f low-path and t e s t  specimen arrangement, b u t  of 

s t a i n l e s s  steel, has f a b r i c a t e d  f o r  high-temperature  t e s t s .  It i s  

expected t o  use f low and pressure  ind ica t ions  i n  c o n j m c t i o i i  wl th  void 

f r a c t i o n  measurements (dificussed l a t t e r )  f o r  s e t t i n g  of c a v i t a t i o n  condi- 

t i o n s  i n  such an opaque v e n t u r i ,  

2 e  Scale-Effe-ct  Tes t  Ventur is  

I n  o rde r  t o  o b t a i n  s i g n i f i c a n t  damage data and apply them in 

a meaningful manner, it i s  f i r s t  necessary t o  know when c a v i t a t i o n  Will 

occur ,  and what form it w i l l  t a k e ,  

t e s t s ,  i n  t h e  system i E  which darnage i s  t o  be s t u d i e d ,  become mandatory, 

I n  t h e  p re sen t  system, e . g . ,  it immediately became obJious t h a t  s t r o n g  

Hence, performance (or s c a l e  e f f e c t s )  

s c a l e  e f f e c t s  e x i s t e d .  (1) 

To i n v e s t i g a t e  t h e s e  e f f e c t s  over as wide a range of parameters  

as p o s s i b l e ,  a geomet r i ca l ly  s irnillar v e n t u r i ,  hut wi th  t h r o a t  diameter  

and l e n g t h  reduced hy  a nominal f a c t o r  of two, w a s  used along with  t h e  

type  previous1 y desc r ibed .  A geometr ica l ly  s imi la r  v e n t u r i  with s c a l e  

inc reased  by a f a c t o r  of about iWo is a l s o  feasible with  ihe a v a i l a b l e  

head and f low,  
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Figure 11. Cavitation Damage Test Arrangement of Specimen 
Under Tension. 
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1 ~ 3 -  i,iidy of sca l e  e f f e c t , ?  a two-dirnenrioiial 

p xi:;lo';: ven t i i r i ,  a r r a n y d  t h a t  the t h r o a t  he ight  can be varied 

from 1/8 inch l,o 3/11 ilich has been designed and f a b r i c a t e d  (Figures 

12 and 13). 

f a c i l i t y .  The two-dimensional design has beer! used t o  o b t a i n  irrproaec'l 

It p r e t e n t l y  occupies the f o u r t h  loop of t h e  mul t i - loop  

t i o n  of the flow. It i s  planned t o  s tudy  t h e  e f f e c t s  of  

v e l o c i t y ,  si z e ,  temperaLui e ?  gas content and p u r i t y ,  divergence angle ,  

and turbulence  level (as con t ro l l ed  by t h c  ups t i ram honeycoTb ar-raulge- 

ments) on t h e  c a v i t a t i o n  number corresponding Lo va r ious  degrees  of 

c a v i t a t i o n ,  as we l l  as on t h e  flow regime (01  

photography),  and on t h e  pressure p r o f i l e s .  

cvc'd t hroiigh high - s pe e ~1 
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Figure 13. Two Dimensional Transparent Venturi. 



I n  connect ion with t h e  o v e r a l l  r e sea rch  program it has been 

necessary  t o  p e r f e c t  and u t i l i z e  c e r t a i n  s p e c i a l i z e d  techniques which 

are of i n t e r e s t ,  i n  t h a t  t hey  can be app l i ed  t o  o t h e r  similar i n v e s t i -  

g a t i o n s ,  The most s i g n i f i c a n t  of these  w i l l  be  desc r ibed ,  

A, Test  Specimen Examination 

1, D i r e c t  Weight Loss Measurement 

The observa t ion  and recording i n  a meaningful manner of  c a v i t a -  

t i o n  damage p resen t s  d i f f i c u l t i e s  Weight l o s s ,  o r  mean depth of 

p e n e t r a t i o n  of t h e  exposed a rea ,  has been u t i l i z e d ,  as i n  many o t h e r  

i n v e s t i g a t i o n s ,  as one of t h e  q u a n t i t i e s  of primary i n t e r e s t ,  Obviously, 

i n  i t s e l f ,  t h i s  i s  not  a s u f f i c i e n t  d e s c r i p t i o n  of t h e  phenomenon, s ince  

c h a r a c t e r  and d i s t r i b u t i o n  of t h e  a t t a c k  i s  not  t hus  de l inea ted ,  nor i s  

i t s  se r iousness  from t h e  viewpoint e i t h e r  of d e t e r i o r a t i o n  of s t r u c t u r e ,  

o r  p o l l u t i o n  of t h e  system. However, weight l o s s  can e a s i l y  be obtained 

by d i r e c t  measurements, providing t h e  damage i s  s u f f i c i e n t ,  and hence it 

has been used as at l e a s t  one important d a t a  parameter i n  t h e  p re sen t  

i n v e s t i g a t i o n ,  

S p e c i a l  techniques for t h e  de te rmina t ion  of weight l o s s  i n  

those  cases  were d i r e c t  measurement i s  not f e a s i b l e  and/or s i g n i f i c a n t  

have been developed, These provide i n  a d d i t i o n  t o  weight l o s s ,  o t h e r  

s i g n i f i c a n t  information on the  damage phenomenon, and hence may be usefu l  

even when d i r e c t  weight measurements a r e  used 
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2"  P i t  Count and Tabulat ion 

P i t t i n g  d e n s i t y ,  i , e , ,  the number of p i t s  formed p e r  u n i t  

t i m e  and exposed a r e a  i n  va r ious  s i z e  c a t e g o r i e s ,  has  been used by 

previous  i n v e s t i g a t o r s ,  no tab ly  Knapp, (4,5) as a measure of c a v i t a t i o n  

damage, This  approach has been amplified i n  t h e  p re sen t  i n v e s t i g a t i o n  

by  developing a technique f o r  t h e  computation of weight l o s s  from 

t a b u l a t e d  p i t  counts ,  u s ing  very  d e t a i l e d  measurements of t y p i c a l  p i t  

su r f ace  and depth p r o f i l e s  i n  t h e  va r ious  s i z e  c a t e g o r i e s ,  Q2,3,6) 

The technique i s  u s e f u l  i n  allowing an estimate of weight l o s s  i n  cases  

where a d i r e c t  measurement i s  not. p o s s i b l e ,  However, t h e  d a t a  obta ined  

i n  apply ing  t h e  technique,  i , e , ,  t h e  observa t ions  of p i t  s i z e  and loca -  

t i o n  d i s t r i b u t i o n ,  shape and o ther  f a c e t s  of  gene ra l  appearance,  and 
I 

f i n a l l y  depth,  a r e  of ve ry  g r e a t  i n t e r e s t  themselves i n  a b a s i c  i n v e s t i -  

g a t i o n ,  The methods f o r  observing and record ing  some of t h e s e  d a t a  items 

are descr ibed  i n  t h e  fo l lowing  s e c t i o n s ,  

a ,  Depth P r o f i l e  Determination 

Depth p r o f i l e s  of i nd iv idua l  p i t s ,  ranging i n  s i z e  from 1 t o  

10 m i l s ,  have been determined with cons iderable  p r e c i s i o n  us ing  a pro- 

* 
I f i l ome te r - type  insturment ,  which i s  s e n s i t i v e  t o  v e r t i c a l  displacements  

I 
I of a f e w  microns ( p i t  depths  range g e n e r a l l y  from about 10 t o  1090 microns) ,  

~ 

It i s  also capable of t r a c i n g  p a r a l l e l  pa ths ,  spaced by 1 m i l  o r  less ,  

a c r o s s  a p f t ,  Thus, on t h e  l a r g e r  p i t s ,  a d e t a i l e d  mapping of t h e  c r a t e r  

can be ob ta ined ,  I n  t h i s  way, repeated observa t ions  of t h e  depth  pro-  

f i l e  of a given p i t  a f t e r  d i f f e r i n g  d u r a t i o n s  of exposure have been 

rclade 1 2 7 3 7 7 )  The accuracy of such p r o f i l e s  has been -ver i f ied by  

__- 

* Linear  Prof icorder ,  Micrometrical  Mfg, Co, of Ann Arbor, Michigan, 
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s e c t i o n i n g  t h e  material through the p i t ,  and comparing t h e  r e s u l t a n t  

photo-micrographs wi th  t h e  p ro f i co rde r  t r a c e s ,  

P ro f i co rde r  t r a c e s  can also, of course,  be used t o  measure 

s u r f a c e  roughness ( r m s )  be fo re  and a f t e r  exposure,  This  g rosse r  

measurement, while  not  involved i i i  t h e  p i t  count technique ,  i s  a l s o  

t o  some e x t e n t  a measure of c a v i t a t i o n  damage, 

A s  mentioned above, s ec t ion ing  of t h e  m a t e r i a l  through 

damaged r eg ions  can a l s o  be used t o  measure p i t  depth p r o f i l e s  It 

a l s o  provides  gene ra l  information on depth  of a t t a c k ,  and e f f e c t s  

upon the  m a t e r i a l  mic ros t ruc tu re  i n  t h e  damaged r eg ion ,  This  technique 

has  been used by  va r ious  previous r e sea rche r s  as w e l l  as i n  t h e  p re sen t  

i n v e s t i g a t i o n ,  (273)  

Molding of t h e  damaged reg ion  wi th  a material capable of 

p e n e t r a t i n g  t h e  extremely s m a l l  openings and t h e n  be ing  withdrawn, 

while  s t i l l  main ta in ing  an  accurate  r e p r e s e n t a t i o n  of t h e  i n d i v i d u a l  

p i t s ,  provides  another  poss ib l e  method for ob ta in ing  bo th  depth and 

s u r f a c e  p r o f i l e  d a t a ,  If f e a s i b l e ,  t h i s  has t h e  advantage,  compared 

w i t h  t h e  s e c t i o n i n g  technique,  of be ing  non-dest ,ructive,  and much f a s t e r  

and more economical,  However, it obviously does not  provide t h e  same 

degree of p r e c i s i o n ,  

t o r y  f o r  t h i s  purpose a t  present  and seems q u i t e  promising,* 

A ma te r i a l  i s  be ing  used i n  t h e  w r i t e r ' s  l abo ra -  

b o  Surface Attack Recording and Observat ion 

The observa t ion  of p i t  shapes and s i z e s  i s  performed us ing  

---.- 

low-power meta l lographic  microscopes , while r eco rd ing  of t h i s  data  

__- * RTV-60, General E l e c t r i c  Coo ,  S i l i c o n e  Products  Dept, Waterford, 
N,Y, , and suggesged t o  w r i t e r  by personnel  of Aerojet  -General Corp, , 
Sacremento, Cal i f ,  
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i s  accomplished by  t a b u l a t i o n  and photomicrographs En t h e  p re sen t  

i n v e s t i g a t i o n ,  use has been made of  composite photomicrographs of 

t h e  e n t i r e  su r face  t o  show d i s t r i b u t i o n  (as a func t ion  of degree of 

c a v i t a t i o n ,  t g ,) and genera l  c h a r a c t e r i s t i c s  of  p i t t i n g ,  

Ind iv idua l  photomicrographs ( 2 J  33 

d e t a i l  of i n d i v i d u a l  p i t s ,  as well as t o  fo l low a given p i t  through 

success ive  exposures t o  c a v i t a t i o n ,  A gene ra l  d i f f i c u l t y  with t h e  

use of photography t o  record c a v i t a t i o n  damage, a t  l e a s t  i n  i t s  

r e l a t i v e l y  i n i t i a l  s t ages ,  i s  the f a c t  t h a t  i f  h igh  enough magnifi-  

c a t i o n  i s  used t o  a s su re  t h e  damage w i l l  be v i s i b l e ,  t h e  area covered 

p e r  photomicrograph i s  extremely small, so t h a t  a ve ry  l a r g e  number of 

p i c t u r e s  may become necessary ,  

(31 3t 

have been used t o  show g r e a t e r  

B, I r r a d i a t e d  Tes t  SDecimen f o r  Damage S tud ie s  

I r r a d i a t e d  t e s t  specimens have been used i n  t h e  p re sen t  

i n ~ e s t i g s t i o n l ~ ~ g )  t o  develop a technique f o r  ob ta in ing  a r e l a t i v e l y  

continuous weight l o s s  record  without removing t h e  specimens from t h e  

f a c i l i t y ,  and 50 i n t e r r u p t i n g  the t e s t ,  Such a technique wzold be 

extremely valuable  f o r  t e s t s  where disassembiy was e s p e c i a l l y  d i f f i -  

c u i t ,  as e , g  , w i t h  high temperature l i q u i d  m e t a l s ,  I n  a d d i t i o n  t o  

welght l o s s ,  lt w a s  found t h a t  valuable  d a t a  on t h e  s i z e  d i s t r i b u t i o n  

o f  p a r r i c l e s  removed from t h e  t e s t  specimens, could be obtained u s i n g  

p r e c i s i o n  f l i t r a t i o n  techniques @,91 

* E , g , ,  a su r face  has been etched p r i o r  t o  t e s t i n g ,  and then  poss ib l e  
c o r r e l a t i o n  between p i t  l oca t ion  and g r a i n  boundaries  observed, (3) 
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It i s  concluded from the i r r a d i a t e d  specimen t e s t s  a l r eady  

* (This 1s g e n e r a l l y  t h e  case for o the r  t han  h igh-pur i ty ,  single-component 
m a t e r i a l s , )  Otherwise, considerable development may be requi red  t o  
achieve success fu l  r e s u l t s ,  

completed t h a t  t h e  technique can be extremely u s e f u l  and convenient,  

p rovid ing  a t  l eas t  t h e  fol lowing condi t ions  are m e t :  

i)  P a r t i c l e s  removed are  "wet" by t h e  t e s t  f l u i d ;  

iL> Loop geometry i s  such t h a t  t h e  p a r t i c l e s  a r e  not  

r e a d i l y  t rapped o r  segregated from t h e  main stream, so  

t h a t  a r e l a t i v e l y  homogeneous s l u r r y  i s  maintained; 

iii) Specimen m a t e r i a l  i s  such t h a t  s u i t a b l e  i so topes  f o r  

i r r a d i a t i o n  e x i s t o *  

I n  t h e  case of t e s t s  with s t e e l  i n  water , (8)  a l l  t h e  above 

condi t ions  were w e l l  met, 

performed wi th  a minimum of d i f f i c u l t y ,  However, cons iderable  t r o u b l e  

w a s  l a t e r  experienced with s t e e l  i n  mercury, (9) p r i m a r i l y  because of 

The t e s t s  were ve ry  success fu l ,  and were 

t h e  l a c k  of good wet t ing  of t h e  s t . ee l  p a r t i c l e s  by t h e  mercury. This  

l e d  t o  d i f f i c u l t i e s  with f i l t e r i n g ,  and a l s o  t o  t h e  t r app ing  of t h e  

d e b r i s  p a r t i c l e s  out  of t h e  process s t ream i n t o  t h e  pump sump. 

C, Flow Regime Examination Techniques 

Flow regime examination and measurement i n  t h e  present  s t u d i e s  

has  been accomplished us ing  many s tandard  techniques  which it i s  not  

necessary  t o  mention here,, Only those  techniques  which appear of s p e c i a l  

i n t e r e s t  w i l l  be d i scussed ,  
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1, "Void F rac t ion"  Measurements by Gamma-Ray Densitometer 

Void f r a c t i o n  ( o r  l o c a l  dens i ty)  i s  a parameter of importance 

i n  any two-phase f low regime. I n  t h e  case of t h e  c a v i t a t i n g  v e n t u r i ,  it 

i s  a b i t  of s i g n i f i c a n t  phys i ca l  d a t a  which, t o g e t h e r  wi th  var ious  o t h e r  

independent i tems,  w i l l  hope fu l ly  allow a complete and d e t a i l e d  d e s c r i p t i o n  

of t h e  f low regime. 

Void f r a c t i o n  has been measured i n  many f low s i t u a t i o n s  ( re ference  

10, e . g . , )  u s ing  t h e  f a c t  t h a t  t h e  a t t enua t ion  of a gamma-ray beam i s  a func-  

t i o n  of t h e  d e n s i t y  of t he  material through which it passes .  The work of 

var ious  previous i n v e s t i g a t o r s  has been modified and adapted t o  t h e  case 

of a c a v i t a t i n g  v e n t u r i  i n  t h e  course of t h e  p re sen t  inves t igagions ,  and 

used s u c c e s s f u l l y  both  wi th  water ('') and mercury. (12) 

s i s t i n g  of a source-holder ,  ax i a l ly -a l igned  s l i t  co l l ima to r s  bo th  above and 

below t h e  v e n t u r i ,  and a sh ie lded  s c i n t i l l a t i o n  counter  i s  shown i n  F igures  

14 and 15. 

moved wi th  p r e c i s i o n  normal t o  t h e  ven tu r i  c e n t e r l i n e .  

If t h e  flow i s  axially-symmetric,  as assumed f o r  t h e  v e n t u r i ,  it 

i s  apparent  t h a t  a l l  a v a i l a b l e  information, app l i cab le  t o  a given axial 

p o s i t i o n ,  w i l l  have been gained by a s i n g l e  t r a v e r s e  ac ross  t h e  flow, s ince  

t h e r e  i s  no p re fe r r ed  d i r e c t i o n  i n  a plane normal t o  t h e  c e n t e r l i n e .  Con- 

The f a c i l i t y ,  con- 

The assembly i s  mounted on a planning table  so  t h a t  it can be 

sequen t ly  from t h e  d a t a  so  obtained it i s  poss ib l e  t o  compute t h e  l o c a l  

f l u i d  d e n s i t y ,  (11,12) 

The procedure t o  be employed i s  e s s e n t i a l l y  t h e  same f o r  any f l u i d ,  

un le s s  high temperature r equ i r e s  c e r t a i n  modi f ica t ions  of t h e  equipment. 

However, t h e  choice of source and source s t r e n g t h  i s  determined by  t h e  f l u i d ,  
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DIRECTION OF MOVEMENT 

Figure 14. Arrangement of Gamma-Ray Densitometer.  



-27- 



-28- 

t h e  pa th  l eng th  i n  t h e  f l u i d ,  and t h e  degree of p r e c i s ~ n  d e s i r e d .  To 

o b t a i n  s u f f i c i e n t  d i sc r imina t ion  wi th  a l i m i t e d  pa th  l e n g t h  i n  a low d e n s i t y  

f l u i d  such as water  (as i n  one of t h e  present  c c c e s ) ,  it i s  necessary  t o  

use  a source producing ve ry  low energy garmn:: X-~a.$s, C Y  ever? Betas .  Thus, 

a source of pro~t-t .hii im-tungstate w a s  s e l ec t ed  f o r  t h i s  case ,  producing 60 

kev X-rays. 

provide a s u f f i c i e n t  number of m i l l i  c u r i e s  of t h e  material (oppos i te  t h e  

Col l imat ion  appe ra tu re )  , * so t h a t  f o r  t h e  degree of c o l l i m a t i o n  r equ i r ed ,  

and f o r  reasonable  count ing i n t e r v a l s ,  t h e  s t a t i s t i c s  acheived w i l l  be 

adequate f o r  t h e  minimum increment o f  void f r a c t i o n  which it i s  d e s i r e d  

t o  measure. 

Once t h e  type of  source h a s  been s e l e c t e d ,  i t e i s  necessary  t o  

For t h e  measurements i n  mercury, i n  which t h e  a t t e n u a t i o n  p e r  

u n i t  pa th  l e n g t h  i s  much g r e a t e r  than  f o r  water, it i s  necessary  t o  s e l e c t  

a source of h ighe r  energy,  

i n g  two gammas of t h e  o rde r  of 1 mev. Again t h e  s e l e c t i o n  of a s u i t a b l e  

source s t r e n g t h  (me), c o n s i s t e n t  w i t h  t h e  f a c t o r s  mentioned above, and a l s o  

I n  t h i s  p a r t i c u l a r  case ,  Co60 was used, provid-  

wi th  s a f e t y  f o r  t h i s  h igher  energy i so tope ,  must be m a d e ,  

2* Flow V i s u a l i z a t i o n  Using High-speed Photography 

Conventional f low measurements, i nc lud ing  t h e  void f r a c t i o n  
. .  

measurement j u s t  d i scussed ,  are e s s e n t i a l l y  time-mean measurements. However, 

t h e  a t t a i n i n g  of an understanding of two-phase flow regimes o f t e n  r e q u i r e s  

d a t a  r e l a t e d  t o  t h e  ins tan taneous  behavior ,  S i g n i f i c a n t  if lformation of 

t h i s  i y p e  can be obtained f o r  t h e  present  c a v i t a t i n g  v e n t u r i s ,  both i n  

* Thus t h e  me pe r  u n i t  volume of the source may become a f a c t o r ,  
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* water and mercury, u s ing  e i t h e r  s t i l l  o r  motion p i c t u r e s  with a r e so lv ing  

t ime of t h e  o rde r  of 100 microseconds, If motion p i c t u r e s  a r e  t o  provide 

a meaningful continuous record,  t h e  framing speed must,be a t  l e a s t  of t h e  

o rde r  of 5000 frames pe r  second, 

ob ta ined  with r e l a t i v e l y  inexpensive coinmercially a v a i l s h l e  equipment, and 

cons iderable  u s e f u l  information on the  c h a r a c t e r i s t i c s  of t h e  flow regime 

These cond i t ions  f o r t u n a t e l y  can be 

I has been obta ined  a (1) 

I The axial ly-symmetr ic  ven tu r i s  used f o r  most of Lhe t e s t s  i n  

t h e  p r e s e n t  i n v e s t i g a t i o n  a r e  undesirable  f o r  flow v i s u a l i z a t i o n  s t u d i e s  

with t r a n s p a r e n t  f l u i d s  i n  t h a t  t h e  p rec i se  l.ocation of an observed 

happening i s  not  known i n  a meaningful way, i o e o ,  i n  terms of d i s t a n c e  
I 

from w a l l ,  e . g .  P a r t l y  f o r  t h i s  reason a two-dimensional t r a n s p a r e n t  

v e n t u r i  has been cons t ruc ted ,  This  u n i t  w a s  descr ibed  p rev ious ly  i n  t h i s  

I paper .  

~ D o  Spec ia l  Purpose F lu ids  

It may be d e s i r a b l e  i n  some cases  t o  use s p e c i a l  purpose f l u i d s  

f o r  t h e  s tudy  of c a v i t a t i o n  performance o r  damage e f f e c t s ,  perhaps t o  

a c c e l e r a t e  o r  i n t e n s i f y  t h e  phenomenon, o r  perhaps t o  s tudy  some s p e c i a l  

a spec t ,  t o  which a given f l u i d  i s  e s p e c i a l l y  adapted cor ros ion  vs mechanical 

e f f e c t s ,  e . g  , ) -  For t h i s  reason ,  i - e . ,  t o  explore  t h e  e f f e c t s  of high 

f l u i d  d e n s i t y  and low vapor pressure ,  and also because it i s  a f l u i d  of 

cons iderable  present  t echno log ica l  importance, mercury has been used i n  

t h e  p re sen t  i n v e s t i g a t i o n s ,  I n  t h e  near  f u t u r e ,  t o  i n v e s t i g a t e  the  e f f e c t s  

* A very  u s e f u l  observa t ion  of bubble behavior  i n  t h e  boundary l a y e r  has 
been obtained us ing  an opaque f l u i d  (mercury),  and a t r a n s p a r e n t  v e n t u r i .  
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of high temperature with a similar f l u i d ,  it i s  planned t o  use  lead-bismuth 

a l l o y ,  These p o i n t s  are mentioned t o  suggest t h e  poss ib l e  d e s i r a b i l i t y  of 

t e s t s  i n  s p e c i a l  f l u i d s ,  

I n  a d d i t i o n  t o  providing a broad coverage of va r ious  f l u i d  para- 

meterr, of b a s i c  i n t e r e s t , ,  t h e  use of mercury has  been h i g h l y  success fu l  

i n  t h a t  it has provided a s u b s t a n t i a l l y  "acce lera ted"  (o r  i n t e n s i f i e d ,  

s i n c e  t h e r e  i s  not  a one-to-one correspondence i n  damage c h a r a c t e r i s t i c s  

between water and mercury) c a v i t a t i o n  damage t e s t .  

t i o n  i n  terms of weight l o s s  i s  est i rnated(3)  t o  be t h e  o rde r  of 100, 

The f a c t o r  of acce le ra -  



IV CONCLUSIONS 

F a c i l i t i e s  f o r  t h e  i n v e s t i g a t i o n  of c a v i t a t i o n  damage and a l s o  

performance (or  s c a l e )  e f f e c t s  u s ing  a v a r i e t y  of f l u i d s  inc lud ing  h igh  

temperature  l i q u i d  metals  having been developed a t  t h e  Un ive r s i ty  of 

Michigan. 

c a v i t a t i n g  v e n t u r i s  as t h e  t e s t  vehic les ;  one designed p r i m a r i l y  f o r  

water ,  and one capable of handl ing var ious f l u i d s  inc lud ing  moderate 

temperature  l i q u i d  metals. 

has  been cons t ruc ted ,  and i s  being rnod.i€ied f o r  use with €'lluic's inc luding  

l i q u i d  metals under extremely high temperatures ,  

These inc lude  two tunnel- type closed-ioop f a c i l i t i e s  u s ing  

I n  add i t ion  an u l t r a s o n i c  v i b r a t o r y  f a c i l i t y  

Various s p e c i a l  t echniques  have been adapted o r  developed f o r  

use  wi th  t h e s e  f a c i l i t i e s  and t h e s e  are descr ibed  i n  t h e  paper ,  

f e l t  t h a t  i n  some cases  t h e y  may be use fu l  i n  similar o r  r e l a t e d  r e sea rch  

i n v e s t i g a t i o n s  

It i s  
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